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Abstract 

Purpose As the average wood products usage per unit of 
floor area in Australia has decreased significantly over time, 
there is potential for increased greenhouse gas (GHG) mit¬ 
igation benefits through an increased use of wood products 
in buildings. This study determined the GHG outcomes of 
the extraction, manufacture, transport, use in construction, 
maintenance and disposal of wood products and other build¬ 
ing materials for two popular house designs in Sydney, 
Australia. 

Methods The life cycle assessment (LCA) was undertaken 
using the computer model SimaPro 7.1, with the functional 
unit being the supply of base building elements for domestic 
houses in Sydney and its subsequent use over a 50-year 
period. The key data libraries used were the Australian 
Life Cycle Inventory library, the ecoinvent library (with data 
adapted to Australian circumstances where appropriate) and 
data for timber production from an Australian study for a 
range of Australian forestry production systems and wood 
products. Two construction variations were assessed: the 
original intended construction, and a “timber-maximised” 
alternative. The indicator assessed was global warming, as 
the focus was on GHG emissions, and the effect of timber 
production, use and disposal on the fate of carbon. 
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Results and discussion The timber maximised design 
resulted in approximately half the GHG emissions associated 
with the base designs. The sub-floor had the largest green¬ 
house impact due to the concrete components, followed by the 
walls due to the usage of bricks. The use of a “timber maxi¬ 
mised” design offset between 23 and 25 % of the total oper¬ 
ational energy of the houses. Inclusion of carbon storage in 
landfill made a very significant difference to GHG outcomes, 
equivalent to 40-60 % of total house GHG emissions. The 
most beneficial options for disposal from a GHG perspective 
were landfill and incineration with energy recovery. 
Conclusions The study showed that significant GHG emis¬ 
sion savings were achieved by optimising the use of wood 
products for two common house designs in Sydney. The 
switch of the sub-floor and floor covering components to a 
“wood” option accounted for most of the GHG savings. 
Inclusion of end of life parameters significantly impacted 
on the outcomes of the study. 

Keywords Greenhouse gas emissions (GHG) • Wood • 
House • Carbon • LCA • Landfill 

1 Introduction 

The building sector is a major contributor to global green¬ 
house gas (GHG) emissions—it has been estimated that con¬ 
struction, operation, maintenance and demolition of buildings 
accounts for 40 % of global GHG emissions (UNEP 2007). In 
Australia, the residential sector was estimated to account for 
13 % of Australia’s total GHG emissions in 2005 (CIE 2007). 
However, this figure does not include emissions from the 
manufacture of construction materials. Wood products are 
used for a variety of applications in buildings, and they have 
the unique characteristic of physically storing carbon (C), both 
in service and if disposed of in landfills. 
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In Australia, the majority of wood products consumed are 
disposed of in landfills at the end of their service lives, and it is 
predicted that disposal of wood waste and end-of-life wood 
products in landfills in Australia will continue to grow steadily 
to 2 Mt by 2050 (McLennan Magasanik Associates 2010). 
Although end-of-life wood products may be recycled at least 
once, eventually a significant proportion of those recycled 
products will also end up in landfills. Research conducted in 
Australia and in the USA strongly suggests that the vast major¬ 
ity of C in wood products if deposited in landfills is stored for 
the long-term (Ximenes et al. 2008a; Wang et al. 2011). 

In addition to physically storing C, the use of wood 
products in home construction in place of greenhouse¬ 
intensive materials, such as steel, aluminium, plastics and 
concrete, has the potential to reduce the C ‘footprint’ of 
house construction further. Wood products require compar¬ 
atively low fossil-fuel-based energy in their extraction and 
manufacture, compared to alternative building materials. 
Research conducted in Australia and New Zealand (e.g. 
McLennan Magasanik Associates 1991; Buchanan and 
Levine 1999; May et al. 2011), Europe (e.g. Sathre and 
O’Connor 2010; Gustavsson, et al. 2006) and in the USA 
(e.g. Perez-Garcia et al. 2005; Lippke et al. 2011) demon¬ 
strates that the life cycle greenhouse impact of wood prod¬ 
ucts is typically significantly lower than that of competing, 
non-renewable products. From their meta-analysis of 20 
European and North-American studies, Sathre and 
O’Connor (2010) calculate that, on average, for each tonne 
of C in wood products substituted for non-wood products, a 
GHG reduction of 2 tonnes of C is achieved. 

Despite the significant GHG benefits associated with the 
use of wood products in the building sector, the average 
wood product usage per unit of floor area in Australia has 
decreased from 0.29 to 0.06 m 3 /m 2 between 1945 and 2008 
(Ximenes et al. 2008b). During this period, there has been 
an upward trend in the average size of residential dwellings 
in Australia, from 78 m 2 in 1945 to 250 m 2 in 2008 
(Ximenes et al. 2008b). Significant factors in this reduction 
in wood usage include increases in stud spacing, increased 
use of brick cladding and a decrease in use of sawn wood in 
the flooring structure. Up until the mid 1960s, suspended 
floor systems (with sawn wood bearers and joists) repre¬ 
sented approximately 80 % of the sub-floor market—grad¬ 
ually the trend reversed and by the beginning of the 1980s 
concrete slabs accounted for 80 % of the market, with no 
significant change since (Ximenes et al. 2008b). This sug¬ 
gests that there is significant scope for an increase in current 
volumes of wood used in residential construction in Australia. 
The main current application for wood products in Australia is 
in the residential market—75 % of the sawn timber is used for 
residential purposes (BIS-Shrapnel 2008), with 80 % of the 
sawn pine used for framing applications in houses and ap¬ 
proximately 50 % of the sawn hardwood used as sub-flooring 


and fencing (Ximenes and Gardner 2005). Different products 
have different service lives, with domestic house framing 
typically having long average service lives (approximately 
50 years for Australia—Ximenes et al. 2008b). 

Knowledge of the environmental impacts of alternative 
building materials in residential buildings is important to 
inform the development of green building rating schemes. 
Typically building rating schemes adopt a limited approach 
in the assessment of the greenhouse implications of the use 
of construction materials, with a strong focus on the opera¬ 
tional energy requirements of the buildings and limited 
consideration of the greenhouse implications of extraction, 
transport, manufacture and disposal of different products. 

The purpose of this study was to determine the greenhouse 
outcomes of the extraction, manufacture, transport, use (repairs 
and maintenance) and disposal of wood products, in compari¬ 
son with alternative building materials used in the construction 
of two popular house designs in Sydney, Australia. 

2 Methods 

2.1 Life cycle assessment software 

The life cycle assessment (LCA) was undertaken using 
SimaPro 7.1 LCA software, and two major data libraries 
were used: 

1- The Australian Life Cycle Inventory (LCI) library, de¬ 
veloped by the Centre for Design at RMIT and Life 
Cycle Strategies Pty Ltd. 

2- The ecoinvent library (ecoinvent Centre 2007), with data 
adapted to Australian circumstances where appropriate. 

In addition to these two libraries, the project utilised data 
for timber production from an Australian CSIRO study for a 
range of Australian forestry production systems and wood 
products (Tucker et al. 2009). 

2.2 Functional units and assessment options 

The overall functional unit for the study was the supply of 
base building elements for a domestic house (a single storey 
design and a two-storey design) located in Sydney, New South 


Table 1 House designs assessed 



Affinity 

Villina 

Storeys 

1 

2 

Rooms 

9 

9 

Bedrooms 

4 

4 

Floor area (m ) 

221 

296 

Site landscape 

Flat 

Flat 
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Fig. 1 a Layout of an Affinity house, b Front view of an Affinity house 
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a 



FRONT ELEVATION 



LEFT ELEVATION 



Fig. 2 a Layout of a Villina house, b Front view of a Villina house 
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Wales (NSW) and its subsequent use over a 50-year period 
(average service life of houses in Australia), including essen¬ 
tial maintenance and replacement of these elements. 

2.2.1 Options assessed 

The two designs assessed were typical of the house types built 
by Masterton Homes in Sydney (Table 1, Figs. 1 and 2). 
Masterton Homes is one of the largest builders of new dwell¬ 
ings in NSW (HIA 2008). Alternative constmction materials 
were identified for specific building elements (Table 2). The 
combinations of materials in each building element were 
selected to reflect realistic alternatives on a component level. 
For each of the two house designs, two constmction variations 
were assessed: the original intended constmction and a “tim¬ 
ber-maximised” alternative, resulting in four scenarios: 

1. “Affinity” single-storey house (original) 

2. Affinity single-storey house with timber maximised 
throughout 

3. “Villina” two-storey house (original) 

4. Villina two-storey house with timber maximised throughout 

For each variation, it was ensured that the engineering 
integrity of the house was preserved; i.e. the house would 
have been safely built. In each case the original design and 
its variation provided the same floor space. 

2.3 System boundaries 

The phases included in the study are shown in Fig. 3. These 
comprise: 

• Material production (including emissions associated 
with extraction, transport and processing) 

• Transport of materials to site 

• Maintenance and repairs 

• Disposal of waste produced on site and of end-of-life 
materials 


The following parameters were excluded from the analysis: 

• Energy for constmction, human labour, energy used in 
demolition and associated GHG emissions. 

These parameters are often excluded from LCAs of 
buildings as they are deemed to account for a minor 
proportion of the overall GHG emissions of buildings 
(Gustavsson and Joelsson 2010). 

• Direct operational energy inputs 

As direct operational energy inputs are highly depen¬ 
dent on the climatic zone, a detailed analysis of the 
impact of climatic zones on building operational energy 
requirements of buildings was outside the scope of this 
study, Therefore energy input during operation phase 
was excluded from the LCA. A limited supplementary 
analysis of the potential operational energy requirements 
of the houses was carried out (see Section 3.7). 

• Carbon dioxide (C0 2 ) emissions from decomposition of 
organic materials (both above-ground and in landfills) 

C0 2 emissions from decomposition of organic mate¬ 
rials were excluded as is common practice in GHG 
assessments involving organic materials; biogenic C0 2 
is deemed neutral as the assumption is that the C0 2 will 
be sequestered again by growing plants (US EPA 2006) 
and we assume that the timber is supplied from sustain¬ 
ably managed forests. 

2.4 Indicators 

The focus of this study was on GHG emissions, and the 
effect of timber production, use and disposal on the fate of 
C. Therefore the indicator assessed was global warming, 
expressed as GHG emissions in C0 2 equivalents (C0 2 -e). 
Other indicators which may be of particular importance for 
materials LCA (e.g. biodiversity) were not included in this 
study—biodiversity assessment still requires a common 
metric that can be universally applied in LCAs (e.g. 
Penman et al. 2010). 


Table 2 House as designed and alternative constmction materials assessed for individual building elements 


Component 

Materials 




Original design 

Alternatives 


Sub-floor 

Concrete slab 

Timber bearers and joists 

Steel 

Flooring living area 

Carpet/carpet and particleboard (on 1 st floor) 

Hardwood tongue and groove (T&G) 


Flooring kitchen 

Ceramic tiles 

Linoleum 


Wall structure 

Brick veneer; timber frame 

Brick veneer; steel frame 

Double brick 

Windows 

Aluminium 

Timber 

MDF 

Roof frame 

Timber 

Steel 


Roof material 

Concrete tiles 

Corrugated metal (Colorbond®) 


Upper storey (flooring) 

Carpet/particleboard 

Hardwood 

Ceramic tiles 
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Fig. 3 System boundary for the 
LCA study 



2.5 Inventory 
2.5.1 Wood products 

Assumptions for wastage and end of life options for wood 
products are shown in Table 3. The gate to gate inventory 
data (for sawn and engineered wood products such as ply¬ 
wood, particleboard and MDF) were linked to electricity 
and transport data from the RMIT Centre for Design LCA 


database, with missing inventory items, such as resins, being 
taken from the ecoinvent database. 

In this study, it was assumed that the forest producing 
the timber is in steady state with no net increase or de¬ 
crease in C stored in the forest over time. The study also 
assumed that timber production will increase, through ex¬ 
pansion of plantation area, or through increase in the sus¬ 
tainable yield from existing forests, as demand for timber 
increases. 


Table 3 Waste and end of life assumptions for wood products 


Building component 

Material 

Waste factor a 

End of life assumption 

Comment 

Bearers and joists 

Sawn hardwood 

1.1 

Landfill/recycling 

Timber is assumed to be untreated; 20 % of 
hardwood is assumed to be recycled 

Wall and roof framing 

Softwood framing 

1.1 

Landfill/recycling 

10 % of softwood is assumed to be recycled 

Particleboard flooring 

Particleboard 

— 

Landfill 

None of the particleboard is assumed to be recycled 

Bracing ply 

Plywood 

1.1 

Landfill 

None of the plywood is assumed to be recycled 

Formwork production 

Plywood 

1.05 

Landfill 

5 % wastage assumed in original production of 
formwork 

Formwork use 

Plywood 

1.01 

Landfill 

1 % of formwork used is assumed to need 
replacement with the remainder reused 


a The waste factor refers to the wastage during construction of the house 
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Table 4 Key parameters used for landfill models—per kilograms of 


timber sent to landfill 

Parameter Value 


Degradable organic carbon (DOC) a ; dry mass basis (%) 49 

Proportion of DOC which degrades—USEPA (%) 24 

Proportion of DOC which degrades—DCC (%) 50 

Proportion of DOC which degrades—Ximenes (%) 10 

Methane portion of landfill gas (%) 50 

Methane recovered (%) 55 

Methane recovered for power generation (%) 75 

Efficiency of power generation (%) 35 

Oxidation factor (%) 10 

Carbon stored (kg) 0.245 

Final CH 4 emissions (kg) 0.058 


a Listed as 0.43 but this is for air-dried timber, so after accounting for 
12 % moisture it is taken as 49 % for timber on a dry basis 


2.5.2 Carbon in wood products in landfills 

End-of-life wood waste and waste from wood production 
combined account for 11.2 % of the commercial and indus¬ 
trial (C&I) landfill waste, 1.1 % of the municipal solid waste 
(MSW) landfill waste and 6 % of the construction and 
demolition (C&D) landfill waste in Australia (Department 
of Climate Change and Energy Efficiency 2011). Carbon in 
wood products in landfills is originally absorbed from the 
atmosphere by the growing tree—after harvest it remains 
stored in the wood products during their use, before being 
sent to landfill, where a portion of the C may be lost due to 
decay (releasing approximately equal parts of C0 2 and 
methane (CH 4 )). 

At landfills with CH 4 capture infrastructure, typically up 
to 75 % of the CH 4 generated may be captured and either 
flared or used to generate electricity (Hyder Consulting 
2010). Research has shown that the majority of the C in 
wood products deposited in landfill remains stored for the 
long-term (Ximenes et al. 2008a; Wang et al. 2011). The 
factor used by the United States Environmental Protection 
Agency (USEPA) (2006) for decay of wood in landfills was 
used as a default in this study, as it was deemed the most 


realistic of the decay factors currently used for greenhouse 
reporting purposes. A sensitivity analysis was carried out 
using a weighted factor suggested for Australian landfills 
(Ximenes et al. 2008a), as well as the factor used by the 
Australian Government for the purposes of national GHG 
estimations (Department of Climate Change 2008). It should 
be noted that since the study was concluded the Australian 
Government has adopted the US EPA factor for decompo¬ 
sition of wood in landfills (Department of Climate Change 
and Energy Efficiency 2010). 

The assumptions for the three landfill scenarios are 
shown in Table 4. The only factor assumed to vary in 
Table 4 was the extent to which the degradable organic 
fraction of the timber (the C content of kiln-dried wood is 
typically 44 %) actually degrades. 

Decomposition of wood products in C&D landfills was 
assumed to be insignificant in this study, as the near absence 
of moisture and the absence of highly degradable waste (e.g. 
food waste) in C&D landfills significantly limits the onset of 
anaerobic decay. 

Recycling, mulching and energy recovery through 
combustion were modelled as alternative end of life sce¬ 
narios. Softwood timber recycling was based on inventory 
data from a Victorian study where timber is recycled into 
low-grade wood products such as pallets or packing crates 
(Carre et al. 2009). Hardwood timber recycling was based 
on inventory data obtained from a recycled furniture man¬ 
ufacturer in Sydney who produces furniture from old 
untreated hardwood fencing. Emissions due to fuel 
requirements of machinery used for transport and produc¬ 
tion of mulch were sourced from data contained in ROU 
(2006). Decomposition of mulch was assumed to occur 
rapidly, with no long-term carbon storage, and as men¬ 
tioned above, the resulting C0 2 emissions were deemed 
neutral due to their biogenic nature. Incineration of timber 
waste assumed standard combustion emission factors 
from National Pollutant Inventory workbooks for wood 
waste (Department of Sustainability, Environment, Water, 
Population and Communities 2008) and typical energy 
content and electricity generation for wood (Table 5). 

In all of the options above, the net greenhouse benefits 
either due to the avoidance of production of materials from 
virgin feedstock (e.g. furniture from virgin hardwood 


Table 5 Key parameters for 
wood combustion for energy 
generation 

Parameters 

Values 

Energy content of wood waste (MJ/kg) 

15 


Efficiency of power generation for wood waste (%) 

30 


Freight distance for wood supply (km) 

30 


Electricity offset 

NSW electricity 
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Table 6 Avoided products or process assumed for each wood waste utilisation option 


Wood waste utilisation option Avoided product/process 


Landfdl (municipal solid waste—MSW); generation of electricity 
from CH 4 recovered 

Landfdl (construction and demolition—C&D) 

Recycling 

Incineration of timber (with energy recovery) 

Mulching 


Electricity production from black coal (100 %) 

None 

Use of forest resource (plantation timber for softwoods 
and native forests for hardwoods) 

Electricity from black coal (85 %) and natural gas (15 %) 

None 


a Based on the gross energy consumption in NSW 


resources or from recycled timber), or due to the generation 
of energy (electricity produced from CH 4 from landfills 
displacing the use of electricity generated from black coal 
in NSW) were modelled (Table 6). 


2.5.3 Concrete products 


2.5.5 Steel products 

Steel data (see Table 7) were based on data releases from the 
Australian Steel Institute which had been integrated into 
existing steel inventories in the Australian LCI database in 
SimaPro, which was originally based on Dimova (1998a). 


Data for concrete and cement were sourced from the 
Australian Cement Industry Federation’s website and from 
their GHG reporting tables (Table 7). 


2.5.6 Operational energy data 

While data on operational energy are not included in this 
LCA, in the interpretation of results the relative greenhouse 
impact of the extraction, manufacture, transport, use and 


2.5.4 Brick products disposal of materials is compared to that associated with 

the operational energy requirements of the houses. These 
Data for brick were sourced from the ecoinvent database and data were taken from AccuRate energy modelling software 

adjusted to Australian energy systems and materials (see (CSIRO 2011) in the Sydney climate zone using atypical 3- 

Table 7). 4-star-rated home (all design options analysed achieved the 

Table 7 Concrete, brick and steel products data 

Material 

Data source 

End of life assumption 

Comment 

Cement 

(Cement Industry Federation 2005) 

NA 

100 km assumed for transport of cement 
to concrete batching plant 

Concrete mix 20MPA 

http://www.concrete.net.au/faq.php 

80 % recycled remainder 
to landfill 

Includes blast furnace slag (12.5 %) and fly 
ash (25 %) transport distance is 40 km 

Concrete mix 25MPA 

http ://www. concrete.net. au/faq.php 

80 % recycled remainder 
to landfill 

Includes blast furnace slag (12.5 %) and fly 
ash (25 %) Transport distance is 40 km 

Gravel 

From Australian Inventory 

Database (Dimova 1998b) 

NA 

200 km assumed for transport 

Sand 

From Australian Inventory 

Database (Dimova 1998b) 

NA 

200 km assumed for transport 

Bricks, clay 

Ecoinvent data base 
(ecoinvent Centre 2007) 

25 % recycling rate for 
bricks being reused as brick 

Brick inventory has been adjusted to 
Australian energy systems and materials 

Structural steel 

Australian Steel Institute 
(Strezov and Herbertson 2006) 

85 % recycling rate 

10 % recycled content 

Steel sheet 

Australian Steel Institute 
(Strezov and Herbertson 2006) 

75 % recycling rate 

5 % recycled content 

Steel reinforcing 

Australian Steel Institute 
(Strezov and Herbertson 2006) 

80 % recycling rate 

100 % recycled content 
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same rating). The data were adjusted based on the spatial 
area of the home modelled in AccuRate to reflect the two 
houses included here. 

3 Results and discussion 

The greenhouse implications of the use of various building 
materials for each of the main components of the house are 
described below. 

3.1 Sub-floor 

Three alternative sub-floor structures were assessed: (1) a 
concrete slab on the ground, (2) a suspended concrete slab 
and (3) a suspended timber floor on top of a concrete strip 
footing. The sub-floor in the upper storey of the Villina 
house was modelled separately. 

The “suspended slab” option resulted in the highest 
greenhouse emissions for both house designs, primarily 
due to the increased use of concrete (Fig. 4). The use of 
concrete accounted for the majority of the greenhouse 
emissions in all three floors, ranging from 72 % for the 
timber sub-floor option to 90 % of the greenhouse 
emissions associated with the concrete slab option for 
the Affinity design. The greenhouse impact of concrete 
was derived largely from cement production and the 
steel used in reinforcing concrete (Fig. 5). The timber 
sub-floor option resulted in reductions in GHG emis¬ 
sions ranging from 31 to 44 % for the Affinity house 
and 38 to 56 % for the Villina house, depending on the 
concrete slab system. In a study involving a standard 
single-storey house in Australia (Carre 2011), similar 
differences in GHG emissions were found between a 


concrete slab and a timber elevated floor (not including 
emissions due to operation and maintenance of the 
house). The net C storage of wood in landfills was 
significant for the timber sub-floor option in both 
designs (see Fig. 4). 

Ximenes et al. (2008b) have estimated the GHG 
savings that would be achieved if there was a signifi¬ 
cant shift back from concrete slab to timber suspended 
floor systems in the construction of new dwellings in 
Australia. Such a shift would result in GHG savings of 
approximately 600,000 t C0 2 -e/year (based on the con¬ 
struction of 150,000 new dwellings per year and assum¬ 
ing 60 % of dwellings that would have been built on 
concrete slabs were built on timber bearers and joists 
instead) (Ximenes et al. 2008b). 

3.2 Floor coverings 

Four floor coverings were modelled in the following combi¬ 
nations: (1) timber (hardwood) and ceramic tiles; (2) carpet 
(nylon) and ceramic tiles; (3) timber (hardwood) and lino¬ 
leum; and (4) carpet (nylon) and linoleum. Carpet and 
polished floors were used in living areas, whereas tiles were 
used in wet areas (bathroom and toilet), with linoleum an 
alternative option in the kitchen. Maintenance is an impor¬ 
tant parameter for floor coverings—in this study the hard¬ 
wood floor was assumed to be recoated every 10 years, 
carpets and linoleum were assumed to be replaced every 
15 years and tiles every 25 years. 

Carpet had the highest greenhouse impact of all floor 
coverings, while timber hardwood flooring resulted in net 
GHG savings (Fig. 6). The greenhouse impact for floor 
covering combinations involving linoleum were very simi¬ 
lar to those for floor covering combinations with tiles for 


Fig. 4 Greenhouse gas 
emissions for substructure 
options 


35 



Affinity 


Villina 


■ Transport 

■ Landfill 

■ Timber 
Recycling 

■ Brickwork 
Steel 

■ Concrete 

■ Reinforced 
steel 

■ Plastic 
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1 P 

Sub-Structure, 
concrete floor 


24.4 t C02 e 



9.75E4 kg 
Concrete 20 MPa 


15 t C02 e 


3.68E3 kg 
Steel, concrete 
reinforcing 


4.17 t C02 e 


209 kg 

Poly Vinyl Chloride 
Production in Australia 
from imported 

0.614 tC02e 


1 p 


1 

P 

Slab 


Brickwork 

23.9 t C02 e 


0.488 t C02 e 


2.27E3 kg 
brick, at plant 


0.56 t C02 e 


9.75E4 kg 

Concrete (Readymix) 


1.63E3 m3km 
Concrete truck 


7.35E3 kg 

Steel, Electric Arc, 
Recycled Content 


209 kg 

Poly Vinyl Chloride 
Production in Australia 
from Imported 


2.27E3 kg 
brick, at plant 

13.6 t C02 e 


1.33 t C02 e 


8.33 t C02 e 


0.504 t C02 e 


0.56 t C02 e 


Fig. 5 Process network showing GHG emissions for sub-structure using concrete slab on ground (Affinity) 


both house options (results not presented).The use of carpet 
resulted in emissions of 17.6 t of C0 2 -e (Affinity) and 22.4 t 
of C0 2 -e (Villina) per house built. Carpet is made from 
natural gas and petroleum products—the large fossil fuel 
intensity of carpet inputs and production makes the emis¬ 
sions of carpet manufacturing extremely high (US EPA 
2011). Petersen and Solberg (2004) found that use of nylon 
carpet resulted in the second highest GHG emission out¬ 
come (wool carpet was the highest) compared to alternatives 
which included solid oak flooring, with the magnitude of the 


emissions varying substantially according to the scenario 
modelled. 

It is important to note that the choice of floor covering 
may have an impact on the thermal behaviour of buildings, 
which in turn may alter the magnitude of the GHG differ¬ 
ences between the different floor options over the life of the 
buildings. However, this is unlikely to significantly change 
the overall trend between floor options modelled given the 
very large differences in GHG emissions due to the extrac¬ 
tion, transport, manufacture and disposal of materials. 


25 
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15 


a> 

CNJ . n 
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0 


-5 

Timber & tiles Carpet & tiles Timber & tiles Carpet & tiles 

Affinity Villina 


■ Transport 

■ Landfill 

■ Timber 
Recycling 

■ Varnish 

■ Tiles 

■ Carpet 


Fig. 6 Greenhouse gas emissions for floor covering options broken 
down by component 


3.3 Walls 

Three wall types were assessed: (1) a double brick wall, (2) 
a timber frame brick veneer wall and (3) a steel frame brick 
veneer wall. 

The brickwork dominated the GHG impacts of all wall 
systems, with the highest impact for the double-brick option 
(Fig. 7)— the net GHG impacts of the brickwork for both 
house designs was greater than that of all other elements 
combined. There were also significant benefits from recy¬ 
cling brickwork at end-of-life, assuming 25 % of used bricks 
are recovered for reuse (see Fig. 7). 

The timber brick veneer option resulted in a reduction of 
22 % in GHG emissions compared to the steel brick veneer 
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Fig. 7 Greenhouse gas 
emissions for wall options 
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option. The differences were primarily due to the higher 
GHG emissions associated with the manufacture of the 
steel compared to the timber option, and also due to the 
C storage of wood in landfills (see Fig. 7). In a study 
involving a standard single-storey house in Australia 
(Carre 2011), similar differences in GHG emissions were 
found between a timber frame brick veneer wall and a 
steel frame brick veneer wall (not including emissions 
due to operation and maintenance of the house). In a US 
study (Upton et al. 2006), it was found that for a resi¬ 
dential double-storey dwelling built in Minneapolis 
(192 m ), a wood-based wall system resulted in a reduc¬ 
tion of approximately 20 % in net emissions compared to 
a steel-based wall system. The study did not include 
GHG emissions associated with operational or mainte¬ 
nance activities. 


3.4 Roof 

Four roof types were assessed: (1) a steel-framed roof with 
corrugated metal sheeting, (2) a steel-framed roof with clay 
roofing tiles, (3) a timber-framed roof with corrugated metal 
sheeting and (4) a timber-framed roof with clay roofing tiles. 
The tiled roof-steel frame roof type resulted in the highest 
GHG emissions for all roof types assessed (Fig. 8). Roof 
tiles had the largest impact in the options in which they were 
used (see Fig. 8). The timber frame option for the roof 
resulted in net GHG emission reductions ranging from 51 
to 66 % compared to steel frames for the equivalent roofing 
material. As for the wall options, this difference was due 
primarily to the higher GHG emissions associated with the 
manufacture of the steel compared to the timber option, and 
also due to the C storage of wood in landfills. 


Fig. 8 Greenhouse gas 
emissions for roof options 
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Fig. 9 Greenhouse gas emissions for second storey floor and stairs 
(Villina) 

3.5 Second storey floor and stairs 

A concrete and a timber second storey floor and stair were 
modelled (Fig. 9). The net greenhouse impacts of the timber 
stair and floor were negative, representing a net reduction in 
GHG emissions. The greenhouse impact of concrete was 
substantially higher due to the greater mass and higher 
emissions associated with the manufacture of concrete. 
The combined “concrete upper floor and stair” system 
resulted in 11.6 t C0 2 -e per house built. 

3.6 Windows 

The total material input to windows excluding the glass 
which was common to both was modelled (Fig. 10). 
Aluminium windows resulted in the highest GHG emissions 
due to the high greenhouse intensity of their manufacture. 
The recovery of aluminium for recycling (assumed here to 
be 50 %) was significant in ameliorating the greenhouse 
impacts of aluminium windows. Any recycled aluminium in 
the feedstock was treated as virgin material, as the credit for 



using recycled material was allocated to the product system 
from which the scrap had been derived. Timber windows 
were produced from Malaysian meranti and disposed of to 
landfills at the end of their lives. 


3.7 House structure as a whole 

The GHG emission profile of the houses by major structural 
components and by materials is shown in Figs. 11 and 12. 
The timber maximised design resulted in approximately half 
the emissions associated with the base designs (see Fig. 11). 
As the internal framing (wall and roof) of the “house as 
designed” was already primarily made of wood, they were 
not changed in the “timber maximised design”. The key 
GHG emissions reductions in the “timber maximised de¬ 
sign” compared to the “house as designed” house were 
caused by increasing the usage of wood in the sub-floor, 
floor covering and windows (see Fig. 11), as the materials 
displaced (concrete, carpet and aluminium) have a high 
greenhouse footprint. 

The sub-floor had the largest greenhouse impact due to the 
concrete components, followed by the walls due to the usage 
of bricks. The floor covering was the next largest contributor 
to GHG emissions, which in the “house as designed” option 
was due to the use of carpet in the living areas. In a similar 
study conducted in Canada for a double-storey brick veneer 
house (Salazar and Meil 2009), similar GHG emission reduc¬ 
tions were reported for a “timber maximised design” com¬ 
pared to a typical house design (including emissions from 
wood in landfills). The primary difference in GHG emissions 
due to use of material between the two designs used in that 
study was in the use of brick cladding in the typical house and 
cedar siding for the wood intensive design (sub-flooring and 
floor covering options were not assessed). Salazar and Meil 
(2009) also assigned increased credits due to forest regrowth 
to the “timber maximised design” in their study, as a result of 
the beneficial long-term effect of sustainable forest 


Fig. 10 Greenhouse gas 
emissions for window options 
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Fig. 11 Greenhouse gas 
emissions for house as 
originally designed and with 
timber usage maximised by 
component 
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management on C storage levels in the forest/wood product 
system. Without that component, the GHG emission savings 
of the “wood maximised design” would have been reduced to 
18 %. Although the GHG emission reductions due to in¬ 
creased use of wood in the “timber maximised design” were 
very significant, there are a number of possible factors that 
could increase the GHG benefits and use of wood even 
further, including: 

• Improvement in efficiency of forest operations and in 
sawmill recoveries 

• Technical improvements to increase service life of mate¬ 
rials and to increase recycling potential of products at 
time of demolition 

• Innovations in types of products and their potential uses 
(e.g. cross-laminated timber usage in multi-storey 
buildings) 


A preliminary analysis of the potential operational energy of 
the houses (service life of 50 years) was carried out in order to 
gain an insight into the relative greenhouse impact of the 
extraction, manufacture, transport, use and disposal of materials 
compared to the operational energy requirements of the build¬ 
ings (Fig. 13). Under this scenario, operational energy for 
heating and cooling generated between two and three times 
the greenhouse emissions compared with the extraction, 
manufacture, transport, use and disposal of materials (see 
Fig. 13). In a recent study for a standard Australian home 
built in Sydney (Carre 2011), the GHG emissions due to 
operational energy requirements of the house were approx¬ 
imately equal to those from materials and construction, 
maintenance and end of life. However, in that study the 
houses were assumed to comply with a five-star rating 
performance, which would incur less operational energy 
emissions than the houses modelled here. 


Fig. 12 Greenhouse gas 
emissions for house as 
originally designed with timber 
usage maximised by material 
and life cycle component 


100 



-40 J- 

House as designed House timber House as designed House timber 

maximised maximised 


Affinity 


Villina 


■ Transport 

■ Landfill 

■ Timber 
Recycling timber 
Recycling other 

■ Brickwork 
Steel 

■ Concrete 

■ Reinforced steel 

■ Plastic 

■ Plasterboard 

■ Aluminium 

■ Roof tiles 

■ Floor tiles 

■ Carpet 


42 Springer 



























































904 


Int J Life Cycle Assess (2013) 18:891-908 


Fig. 13 Greenhouse gas 
emissions for construction of 
the house as designed compared 
to heating and cooling loads in 
Sydney 


250 



The decrease in GHG emissions associated with the use of 
a “timber maximised” design as outlined above would offset 
between 23 and 25 % of the total operational energy of the 
Villina and Affinity houses, respectively (see Figs. 12 and 1 3). 
This assumed that the choice of wood in the sub-floor, floor 
covering and windows did not incur any additional operation¬ 
al energy requirements for the houses. As data on the 


operational performance of specific building components are 
difficult to apply due to their high dependence on choice of 
climatic zone, other studies have adjusted building designs to 
achieve common energy performance (e.g. Carre 2011; Perez- 
Garcia et al. 2005), Gustavsson and Joelsson (2010) conclud¬ 
ed that for a wood-maximised house in Sweden, the reduction 
in operational energy achieved when adjusting the building 


Fig. 14 Long-term carbon 
storage—example of house 
wall frames made from Radiata 
pine (Pinus radiata ) 
plantations, using landfill as the 
disposal option 
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design by adding insulation and installing energy-efficient 
windows was ten times that of the increase in production 
energy that was required to produce these materials. 

3.8 End of life variations 

The impact of the different landfill pathways on the carbon 
balance of the forest/wood product/disposal system is illus¬ 
trated in Fig. 14. The carbon is initially stored in the forests 
(in this example for 35 years as that is the typical age of 
harvest for radiata pine managed for sawlogs in New South 
Wales, Australia). The proportion of the carbon in the trees 
that is stored in sawn wood products is stored in the houses 
(in this example wall frames) for the duration of their service 
life (apart from minor losses due to decay and maintenance). 
Finally, the majority of the wood frames are typically dis¬ 
posed of in C&D landfills (see Fig. 14). The C storage 
implications of disposal in MSW landfills (mostly relevant 
for offcuts and home wooden articles such as broken furni¬ 
ture) are also demonstrated for a range of decomposition 
factors (see Fig. 14). 

The inclusion of long-term C storage in wood products in 
landfills (base scenario) in the LCA modelling had a signifi¬ 
cant impact on the greenhouse footprint of the houses, equiv¬ 
alent to between 14.4 and 16 t C0 2 -e for the houses assessed 
or 40-60 % of total house GHG emissions (Table 8). 

Given the significant impact of the end of life option on 
the overall greenhouse impact of the house designs assessed, 
a number of scenarios were considered in addition to those 
modelled above. The landfill options included a range of 
decomposition factors for landfills (MSW and C&D land¬ 
fills, Fig. 15). The gas generation profile showed a balance 
between C stored in the landfill and GHG emissions as CH 4 , 
which is either used for power generation, flared or emitted 
into the atmosphere. The higher degradation rates led to 
higher CH 4 emissions and less C storage in landfill. The 
choice of decomposition factors changed wood in landfills 
from being a C store (options B, C and D) to net emitters of 
GHG emissions (option A). Disposal in C&D landfills 
lead to the highest net C storage of all landfill options 
(-1.78 t C02- e ), as there are reduced opportunities for 


decomposition of wood in those landfills due to the 
absence of food waste. 

Salazar and Meil (2009) adopted the same key landfill 
parameters used in this study, with one key difference—the 
C0 2 emissions from decay in landfills were included in the 
assessment, as the study also included credits for forest 
regrowth, and thus avoided double-counting. This explains 
why the “landfill” option in Salazar and Meil’s study 
resulted in net GHG emissions. 

The GHG benefits of recycling of wood products were 
limited due to the already low greenhouse footprint of wood 
products production (options E and F). The wood type 
(hardwood or softwood) did not have an impact on the 
overall greenhouse footprint of recycling (see Fig. 15). 
Mulching of the wood led to an almost neutral greenhouse 
outcome, as it requires minimal processing and the C in the 
wood is released back into the atmosphere within a short 
period of time. 

Incineration with energy recovery had significant green¬ 
house benefits (option H). The only two impacts were the 
small CH 4 and nitrous oxide emissions from combustion 
with the benefits coming from electricity offsets, which in 
the case of NSW are significant (black coal). Incineration 
without energy recovery had minimal greenhouse impacts 
(option I), as biogenic C0 2 emissions are deemed neutral. 

The impact of changing the wood waste disposal option 
on the overall GHG emissions of the components in the 
timber maximised option (mean of the results for the two 
designs) is shown in Table 9. The results for the “landfill 
DCC” option, “mulching” and “incineration without energy 
recovery” are not shown because they did not lead to sig¬ 
nificant GHG emissions or C storage. A change of decom¬ 
position factors for wood in landfills led to increased 
greenhouse savings ranging from 16.7 to 25.8 t C0 2 -e 
(average of the timber maximised designs)—this nearly 
completely offset the GHG emissions associated with the 
timber maximised designs (see Fig. 11). A switch to incin¬ 
eration with energy recovery also led to significant addition¬ 
al greenhouse savings (see Table 9). 

In a recent study (Carre 2011), it was suggested that recy¬ 
cling and disposal in landfill resulted in similar GHG out¬ 
comes. It is not clear why such a result was obtained in that 


Table 8 Net C storage in wood 
in landfills as a proportion of 
total emissions per house com¬ 
ponent and as an absolute value 
(timber maximised design) 


a Long-term C storage 


House component 

Affinity (%) 

LTCS a (tC0 2 -e) 

Villina (%) 

LTCS a (tC0 2 -e) 

Sub-floor 

21.1 

4.5 

22.3 

3.4 

Walls 

21.7 

3.1 

20.9 

4.1 

Roof 

45.8 

4.2 

60.8 

5.2 

Windows 

84.4 

0.3 

84.4 

0.4 

Floor covering 

90.5 

2.3 

88.4 

2.9 

Total 

— 

14.4 

— 

16 
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Fig. 15 One tonne of timber 
under different end of life 
assumptions 
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study, given that the landfill parameters used were very 
similar to those applied here, and the recycling impacts 
were to some extent derived from data from a similar 
database. In this study, from a greenhouse perspective 
alone, recycling of wood as a single process resulted in 
significantly less benefits than the alternatives (see 
Table 9). However, this does not take into account the 
fate of the wood once it has been recycled. If the 
product is eventually disposed of in landfills or inciner¬ 
ated with energy recovery, the GHG savings will be 
greater than if the products are not recycled at all before 
being disposed of in landfills or incinerated for energy 
production. 

It is also important to consider the cost-benefit of 
each option considered. El Hanandeh and El-Zein 
(2009) estimated the costs of several waste disposal 
technologies per tonne of waste in NSW. The costs for 
traditional landfilling were similar to those activities 
associated with recycling (AUS$ 110-130). The costs 
for incineration with energy recovery were estimated as 
approximately double those associated with traditional 
landfilling and recycling, although the lack of an estab¬ 
lished waste incineration and energy recovery industry 
in Australia makes those figures less reliable. 


Although the focus of this paper was on global warming as 
an impact category, the different disposal options may lead to 
a range of other relevant impacts. Incineration processes for 
example release emissions into the air and also generate 
chemical residues. Dijkgraaf and Vollebergh (2004) suggest 
that the gross environmental costs associated with incineration 
are significantly higher than those associated with landfilling 
in the Netherlands—however, inclusion of environmental cost 
savings due to energy recovery and materials recycling makes 
the net environmental costs of incineration somewhat lower 
than those from landfills. For landfills, if leachate is not treated 
properly it may lead to contamination of groundwater resour¬ 
ces. Determination of the toxicity-related impact categories is 
less certain because suitable methodologies are still under 
development (Manfredi and Christensen 2009). For a conven¬ 
tional landfill with energy recovery, landfill gas emissions and 
leachate represent the main contributors to environmental 
impacts (Manfredi and Christensen 2009). Although for glob¬ 
al warming the timeframe of impact assessment is usually 
100 years, it is acknowledged that some potential environ¬ 
mental impacts from landfilling such as ecotoxicity and hu¬ 
man toxicity may only be realised much later than 100 years 
(Hauschild et al. 2008), and thus studies of such factors would 
need to consider longer time frames. 


Table 9 Net greenhouse sav¬ 
ings of a range of end of life 
options (average of the timber 
maximised designs, t C02- e ) 


a Mean values for hardwood and 
softwood 



Landfill US 
EPA 

Recycling 21 

Incineration with 
energy recovery 

Landfill 

Ximenes 

Landfill 

C&D 

Sub-floor (suspended timber) 

4.0 

1.9 

6.5 

8.3 

10.7 

Walls (timber frame brick veneer) 

3.6 

1.7 

5.9 

7.6 

9.7 

Roof (tiled, timber frame) 

4.7 

2.2 

7.7 

9.9 

12.7 

Windows (timber) 

0.4 

0.2 

0.6 

0.7 

0.9 

Floor covering (timber and tiles) 

2.6 

1.2 

4.3 

5.5 

7.0 

Total 

15.2 

7.2 

24.9 

31.9 

41.0 
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4 Conclusions and recommendations 

The study showed that significant GHG emission savings 
were achieved by maximising the use of wood products for 
two common house designs in Sydney. 

The switch of the sub-floor and floor covering components 
to a “wood” option accounted for most of the GHG savings. 

More specifically the study showed that: 

• Although the emissions associated with the extraction, 
manufacture, transport, use and disposal of materials 
were significantly lower than operational energy emis¬ 
sions, the choice of materials can significantly impact 
the overall greenhouse footprint of the house. 

• Increased use of timber resulted in significant reductions 
in GHG emissions for the house designs assessed— 
however, the potential effect of choice of materials on 
the operational energy of the houses was not assessed. 

• Assumptions of end of life parameters significantly im¬ 
pacted on the outcome of the LCA study. 

• Assumptions about extent of decomposition in landfills 
made a very significant difference to GHG outcomes. 

• The most beneficial options for disposal from a greenhouse 
perspective were landfill (C&D and MSW with low de¬ 
composition factor) and incineration with energy recovery. 

• If there was an increase in the demand for wood products, the 
benefits arising from C storage in landfill from timber dis¬ 
posal at the end of life are dependent on whether sustainable 
levels of timber production are maintained. An increased 
demand may be met by increases in productivity in existing 
forests, greater access to existing forests (by increasing the 
area of natural forests available for harvest) or from increases 
in the area of plantation managed for sawlogs. 

• Although global warming is a very important environ¬ 
mental issue, ideally, important additional indicators 
such as biodiversity, water emissions and human toxicity 
(landfilling) should be taken into account. 

Finally, a useful follow-up study would assess the ther¬ 
mal performance of building designs, to test how the differ¬ 
ent materials affect the heating and cooling performance in a 
range of climatic zones. 
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